Abstract. Studies of population structure and diversity in cattle have provided insights into the origins of breeds, their history and evolution, and allow the identification of global livestock diversity hotspots, which is important for conservation of diversity. Genetic diversity, genetic relationship, population structure, and the presence of hotspots of genetic diversity among 15 European bovine breeds from five countries were assessed using 435 single nucleotide polymorphisms (SNP) markers identified in candidate genes for muscle, lipid and energy metabolism, thus providing the opportunity to compare the breed relationships obtained using putatively functional markers with previous data using neutral loci. Individuals belonging to 11 breeds tended to be clearly assigned to a single cluster when the number of pre-defined populations reached a maximum in the likelihood of the data at K = 12, whereas Asturiana de los Valles, Danish Red, Simmental, and Avileña-Negra Ibérica displayed a greater degree of admixture, which may be explained by their diverse ancestry. Although overall results were in agreement with those reported by studies based on neutral genetic variations, some additional breed relationship information emerged using markers in candidate functional loci, including the relationship between the Asturiana de los Valles and Piedmontese, and Danish Red and Charolais breeds. This study indicates that the analysed loci have not been main targets for selection or for adaptation processes, but also that SNP within candidate genes related with beef characteristics and performance may provide a slightly new perspective on past breeding and may also help in the development of strategies for the rational conservation of livestock diversity.
Introduction
Cattle were introduced into northern Europe~5000 years ago, and have been continuously selected for domestication traits over thousands of years. With the increasing demand for meat and milk in the last century, focussed selection has resulted in the creation of highly specialised breeds (Felius et al. 2011) . Unimproved indigenous breeds are typically less productive and hence the widespread exploitation of a few highly selected breeds has caused a significant erosion of genetic diversity of domesticated cattle.
There is a growing awareness that local breeds may possess alleles associated with adaptation to local conditions and should be protected from extinction to preserve cattle diversity (Felius et al. 2011) . In order to make rational decisions on conservation strategies, molecular characterisation of bovine genetic diversity is essential, and requires protocols that assess among-breed and within-breed genetic variation . Most studies to date have focussed on neutral genetic variations, on the basis that these will not be biased by selection for functional loci or those controlling performance traits (Toro 2006) . Adaptive variation, based on functional rather than neutral differences between populations, may provide new and complementary criteria to back up conservation decisions (Toro 2006) , avoiding placing excessive dependence on genetic distances measurements based on neutral genetic variation.
Until recently, studies of population structure and diversity in cattle have used variations in mitochondrial DNA, Ychromosomal variation, and simple sequence repeat markers (Wiener et al. 2004; Cortés et al. 2008 Cortés et al. , 2011 Martín-Burriel et al. 2011) . After the sequencing of the bovine genome and with the availability of genotyping panels with many thousands of single nucleotide polymorphisms (SNP), this marker type has taken precedence for diversity studies and has been used to sample bovine populations from different parts of the world (e.g. Decker et al. 2009; Gautier et al. 2010; Lin et al. 2010) ; however, these studies have invariably used random SNP, without differentiating between those linked to functional variation and those in neutral regions of chromosomes. In the present study, a set of 435 SNP markers was selected to be within functional candidate genes involved in muscle, lipid and energy metabolism (Williams et al. 2009; Sevane et al. 2011) . This was used to examine the genetic diversity within, and the genetic relationships among, 15 European beef and dairy cattle from Spain, the United Kingdom, France, Denmark, and Italy, and to explore ancestry and the influence of selection on diversity at these loci for identifying the presence of diversity hotspots.
Material and methods

Animals
A total of 397 unrelated purebred bulls belonging to 12 European beef breeds including local and highly selected breeds, and three dairy breeds were used. (Fig. 1) .
Selection of SNP
The analysis of genetic diversity and relationships among breeds used the information provided by 435 SNP found in 192 candidate genes, some of which have been shown to be associated with muscle, lipid and energy metabolism. The whole dataset included: 389 SNP previously described by Williams et al. (2009) and genotyped by Kbioscience using the proprietary Kaspar methodology; 46 SNP previously described by Sevane et al. (2011) and genotyped by SNP multiplex and Primer Extension amplification. All SNP had a minor allele frequency above 5% in the breeds investigated. From an initial panel of 436 bulls, only those individuals with less than 20% of missing data were included in the analysis (n = 397) ( Table 1) .
Data analyses
Allele frequencies and observed and expected heterozygosities were obtained using the software GenePop version 4.0.7 (Raymond and Rousset 1995) . Fisher's exact test for Hardy-Weinberg equilibrium (HWE) across loci and populations was performed using the Markov chain method, as implemented in GenePop version 4.0.7. Wright's index F IS was calculated using GENETIX version 4.05 (Belkhir et al. 2004) . Population pair-wise F ST were calculated with ARLEQUIN version 3.11 (Excoffier et al. 2005) .
Genetic relationships among populations was analysed using the standard genetic distance of Nei (1972) , and a phenogram was constructed from the distance matrix using the unweighted pair group method with arithmetic mean (UPGMA) implemented in PHYLIP 3.69 (Felsenstein 1989) . Bootstrap re-sampling (n = 1000) was performed to evaluate the robustness of the genetic clusters using the SEQBOOT, GENDIST, NEIGHBOUR, DRAWGRAM and CONSENSE programs in PHYLIP 3.69. STRUCTURE 2.2 software (Pritchard et al. 2000) was used to infer population substructure in each cattle population with the admixture model and uncorrelated allele frequencies. This approach allowed subpopulations (K) with distinctive allele frequencies to be identified from the full dataset without using prior information on sampling groups. For each value of the putative number of K between 2 and 20, 10 independent runs were performed with a burn-in period of 50 000 followed by 100 000 Markov chain Monte Carlo (MCMC) repetitions. The methodology described by Evanno et al. (2005) was used to identify the optimal K value, and hence identify the most reliable result. DISTRUCT was used to graphically display results produced by the STRUCTURE program (Rosenberg 2004) .
For each breed, the degree of admixture or ancestry diversity was calculated as 1 -S(q k ) 2 , where q k is an average fraction of the genetic ancestry of the breed belonging to genetic clusters k, identified in STRUCTURE analysis (Tapio et al. 2010) . The proportion of mixed ancestry was compared with the genetic diversity (expected heterozygosity) to analyse the relationship between the ancestry and the within-breed diversity.
The genetic structure was further analysed with a factorial correspondence analysis (FCA) to visualise the influence of SNP on discrimination patterns among breeds using the GENETIX version 4.05 program (Belkhir et al. 2004) . FCA is a multivariate method similar to principal component analysis, but which is appropriate for categorical variables and allows a simultaneous representation of breeds and alleles as a cloud of points in a metric space. Allele frequencies were used as the variables to cluster the breeds based on Chi-square distances.
Results
Genetic diversity
Heterozygosities (H e ) ranged from 0.24 in the Highland breed to 0.32 in the Avileña-Negra Ibérica breed. The breeds having H e values above 0.3 (Avileña-Negra Ibérica, Asturiana de los Valles and Danish Red) were considered as 'diversity hotspots'. Values for the observed heterozygosity (H o ) and expected H e and the measure of the possible discrepancy between this value and the observed heterozygosity (F IS ) per population are shown in Table 1 . The percentage of polymorphic SNP per breed ranged from 80 in Highland to 98 in Piedmontese (Table 1) . About 52% of the 435 SNP were found to be polymorphic in all 15 breeds analysed and~72% were polymorphic at least in 14 breeds. Only 10 markers were polymorphic in fewer than eight breeds. No significant differences were detected between expected and observed heterozygosity, showing that populations were in HE equilibrium. Although the results of the Fisher's exact test show no significant deviations from HWE for all populations, deviations from HWE across loci were significant in all populations (P < 0.005). The number of SNP in HW disequilibrium within breeds ranged from 2 in Aberdeen Angus, Simmental and Pirenaica to 18 in Highland (Table 1) . Twenty-four SNP were not in HWE in one population while 8 SNP were not in HWE for more than two breeds, 5 of which had previously been associated with a production trait in cattle.
Genetic distances and clustering
Values for pair-wise comparisons of Nei's standard genetic distance (Nei 1972 ) between the 15 bovine breeds are shown in Table 1 . Highland and Jersey were the most distant breeds on average (0.12 and 0.11, respectively), whereas Asturiana de los Valles and Charolais had the lowest average genetic distance (0.06). The global average value of F ST was 0.12, which indicates that 88% of the total variability can be ascribed to the withinbreed variation.
UPGMA clustering of the standard genetic distance (Nei 1972) separates the United Kingdom breeds, the Holstein dairy breed and the Italian breed Marchigiana into distinct groups, while the remaining breeds can be divided into two main clusters: one containing the Avileña-Negra Ibérica and Asturiana de la Montaña; and the second with the Asturiana de los Valles, Piedmontese, Pirenaica, Limousin, Simmental, Charolais and Danish Red (Fig. 2a) . The phylogeny based on the information obtained through the Bayesian model-based procedure and assuming different K values is shown in Fig. 2b . The groups identified by UPGMA were also revealed by the STRUCTURE program when K = 7 except for the Marchigiana breed (Fig. 2b, Table 2 ). The four United Kingdom breeds are clearly assigned to a distinct single cluster, indicating a high degree of genetic differentiation. Holstein and Danish Red breeds split in two distinct clusters but, possibly as a result of introgression of Holstein into the Danish Red, the latter shared one of its main clusters with Holstein. The remaining breeds grouped in two clusters which were the same as obtained using the UPGMA tree. The STRUCTURE analysis reached a maximum likelihood for the data with K = 12. The proportional contribution of the inferred ancestral clusters per breed when K = 12 is shown in Table 3 . In 10 breeds the proportional contribution of the inferred clusters was greater than 50%, whereas Danish Red, Simmental, Asturiana de los Valles, Avileña-Negra Ibérica, and, to a lesser extent, Charolais, displayed a greater degree of admixture. Apart from clusters including Holstein and Danish Red (Fig. 2b , red when K = 12, 15), and Asturiana de los Valles and Asturiana de la Montaña breeds (Fig. 2b , yellow when K = 12, 15), the clusters obtained were generally consistent with the UPGMA tree.
A high significant positive correlation (r = 0.86, P < 0.0001) was obtained between the expected heterozygosity and the level of admixture based on global STRUCTURE results (K = 12) for the 15 bovine breeds studied, suggesting that admixture may explain the presence of diversity hotspots.
The genetic structure was further analysed with FCA clustering methods. The first two axes contributed 16.2% and 13.9% of the total inertia (Fig. 3) . Highland and Jersey were the only breeds clearly separated from the main group, representing 48% of total inertia in axis 1 and 66% in axis 2, respectively. The most important alleles were: the mutated A allele of GDF8_F94L SNP previously associated with increased muscularity (Esmailizadeh et al. 2008) , the T allele of VCL_a1_160, the A allele of MYLK2_b1_203, the T allele of CALM3_a1_149, the A allele of ATP1B2_a1_307, the C allele of SPARC_b1_268, and the G allele of RORA.
Discussion
Genetic diversity
Genotype data from 435 SNP markers in 397 animals belonging to European beef and dairy bovine breeds were used to assess the genetic structure and the genetic relationships among breeds. The levels of within-breed diversity in the 15 cattle breeds (H e = 0.29; H o = 0.30) were similar to those found in other diversity studies of cattle breeds using SNP loci (e.g. Gautier et al. 2010; Lin et al. 2010) . In contrast to these earlier studies, the SNP analysed here were within candidate genes involved in muscle, lipid and energy metabolism that may affect production traits, including growth, carcass, physical variables, lipid profiles and organoleptic properties of meat, and thus have higher probabilities of having been selected in past generations. However, despite these premises, only 18 of the SNP used here have been shown to have a significant effect, ranging from 1.5% to 19%, on meat quality-related traits in the breeds studied (Dunner et al. 2013a (Dunner et al. , 2013b Sevane et al. 2013 ). Genetic selection is invariably focussed on easily measurable production traits such as daily gain or final weight, whereas meat quality traits, which are more difficult and expensive to measure, are usually not included in selection programs (Simm et al. 2009 ). Thus, the lack of selection pressure on the allele frequencies at the loci used may explain the lack of significant deviations from HWE in the 15 breeds.
Genetic distances and clustering
Many factors complicate the classification of cattle, including the scarce documentation of the history and diversity of cattle ], where q k is an average fraction of the genetic ancestry of the breed belonging to genetic clusters k, identified in STRUCTURE analysis.
populations before breed formation, the influence of migration and the unknown genetic roots of the current breeds. Since the formation of breeds in Europe, selection has produced phenotypic differences between breeds, which may, or may not, have originated relatively recently from a common gene pool. The global average F ST found in several studies is in the range 0.07-0.19 -F ST 0.07 for Iberian and French breeds using microsatellites; F ST 0.09 (Liron et al. 2006) for Creole breeds using microsatellites; F ST 0.10 (McKay et al. 2008) for Angus, Charolais, Limousin, Dutch Black and White Dairy, and Holstein breeds using SNP; and F ST 0.19 (Gautier et al. 2010) for different Bos taurus and B. indicus breeds using SNP -similar to the F ST of 0.12 reported here.
The persistent signatures of admixture present in many breeds confuses the apparent and observed genetic relationships of these breeds (Decker et al. 2009 ). The different procedures used by the UPGMA clustering, based on genetic distance matrices which lose information by collapsing all genotype data for pairs of breeds into a single number, and the STRUCTURE clustering model-based method, which allows gene flow between breeds to be estimated, may explain the discrepancies obtained between both methods for Holstein and Danish Red, and Asturiana de los Valles and Asturiana de la Montaña breeds.
The main breed clusters obtained in this study were in accordance with previous studies, which showed that Angus, Holstein and South Devon breeds share close positions in cladograms (Decker et al. 2009 ). In addition, the isolation of the United Kingdom breeds seen here has also been reported by others (Wiener et al. 2004) .
Among the Spanish breeds, Pirenaica clusters close to French breeds (Fig. 2, Table 2 ), as seen by Felius et al. (2011) ; this may be explained by genetic migration promoted by geographical proximity. Asturiana de la Montaña and Avileña-Negra Ibérica cluster together in the Iberian group (Fig. 2a) . Asturiana de los Valles shows an intermediate position between Iberian and Central Brown groups (Table 2) , which is in accordance with the genetic proportion shared with the Brown Swiss breed (Q = 7.5%) as reported by Martín-Burriel et al. (2011) , and with previous studies that described the influence of neighbouring populations (Asturiana de la Montaña, Pasiega and Rubia Gallega) on this breed Martín-Burriel et al. 2011) , as reflected by a common ancestral origin shared between Asturiana de los Valles and Asturiana de la Montaña when the number of assumed populations (K) is set to 7, 12 or 15 (Fig. 2b, Table 2 ).
The French Limousin and Charolais breeds have been shown to be closely related in some studies (Decker et al. 2009 ), whereas Felius et al. (2011 placed these breeds in two different categories, the French-Pyrenean and the North-West Intermediate, respectively, which is in agreement with the results obtained here (Fig. 2a) .
Danish Red and Holstein breeds are not closely related historically (Felius et al. 2011) , but here these breeds cluster together when the number of populations (K) was set to 7, 12 and 15 (Fig. 2b, Table 2 ). The likely explanation of this is the recent admixture between these two breeds, in particular the introgression of Holstein genetics into the Danish Red population.
The highest ancestral diversity was found in Asturiana de los Valles, Danish Red, Simmental, and Avileña-Negra Ibérica breeds, all of which had ancestry diversity values above 0.8. Low values were seen for Aberdeen Angus, Holstein, South Devon, and Marchigiana (ancestry diversity 0.5-0.6); however, the Highland and Jersey breeds had particularly low values (0.3 and 0.4, respectively). This trend is also observed from the genetic distance matrices. The high significant positive correlation between H e and ancestry diversity indicates that admixture may explain the higher diversity in some of the breeds.
Although breed relationships obtained here using SNP, located in candidate genes involved in muscle characteristics and beef production traits, were generally in agreement with those reported by studies based on neutral variations, some new relationships among breeds were identified including those between Asturiana de los Valles and Piedmontese, and between Danish Red and Charolais breeds. Selection for muscular hypertrophy and the genetic linkage (hitchhiking) around the myostatin gene (GDF8) may explain the relationship between the Asturiana and Piedmontese as both breeds are double muscled, although as a result of different mutations in GDF8. The apparent genetic similarity between the Danish Red and Charolais is, however, difficult to explain.
Finally, the FCA plot of multilocus genotypes and breeds showed limited differentiation among breeds, except for Highland and Jersey populations. Concerning the particular influence of SNP on discrimination patterns among breeds, it is worth highlighting the possible influence of GDF8_F94L on Limousin, VCL_a1_160 on Highland, and MYLK2_b1_203, CALM3_a1_149, ATP1B2_a1_307, SPARC_b1_268, and RORA on the Jersey breed.
In conclusion, the analysis data presented here for 435 SNP within candidate genes genotyped in 15 European breeds broadly confirmed the among-breed relationships obtained using neutral markers. Further analysis using a larger number of markers, not just located on candidate genes, but found to be associated to different production traits, may reveal different signatures of human selection pressure according to breed purpose. The study revealed that there is greater admixture found between continental breeds compared with United Kingdom breeds. This is consistent with the influence of migration of human populations and livestock over many generations, mainly through the Mediterranean route (Cortés et al. 2008) , and more recently crossbreeding between European cattle .
